REVIEWS 



The S100 family of EF-hand 
calcium-binding proteins: 
functions and pathology 

Beat W. Schafer and Claus W. Heizmann 

Calcium ions as second messengers control many biological processes, 
at least in part, via interaction with a large number of Ca 2 ~-binding pro- 
teins. One class of these proteins shares a common Ca 2+ -binding motif, 
the EF-hand. Here, we describe some functional aspects of EF-hand pro- 
teins, which have been found recently in different cellular compartments. 
Novel links between EF-hand proteins, particularly S100 proteins, and 
specific diseases are now emerging. 



THE STIMULATION OF transient in- 
creases in intracellular Ca-* controls a 
wide variety of cellular processes such 
as cell-cycle progression, differenti- 
ation, muscle contraction and enzyme 
activities. Ca-~ overload, as a result of 
seizures or ischemia, is thought to acti- 
vate biochemical processes that lead to 
enzymatic breakdown of proteins and 
cell death. Furthermore, several dis- 
orders, including Alzheimer's disease 
and neoplastic diseases, are linked to 
altered Ca- levels. Intracellular Ca- 
levels and Ca-' signalling must therefore 
be tightly controlled. 

Ca^-coupled responses consist of 
three major steps (summarized in Fig. 1): 
(1) activating ligands such as hormones, 
growth factors, etc. bind to membrane 
receptors resulting in a rise in the intra- 
cellular Ca~* concentration; (2) Ca-' binds 
to the intracellular mediator proteins 
such as EF-hand proteins, which trans- 
mit the signal by modifying specific tar- 
get proteins; (3) these altered target 
proteins coordinate the cellular response 
to the stimulus. This suggests that the 
proteins that bind Ca 2 ', and therefore 
are involved in the regulation of its 
concentration, are important in many 
biochemical processes. 

Underlining this importance, the first 
mutations in two genes coding for 
FF-hand proteins have recently been de- 
scribed. Inactivation of muscle-specific. 
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cysteine protease calpain 3 (which con- 
tains four EF hands as Ca-*-binding do- 
mains) by mutations result in limb- 
girdle muscular dystrophy type 2A 1 and 
a mutation in the calcineurin a gene 
affects cellular signal transduction path- 
ways in lymphoma cells- 8 . Undoubtedly, 
this result will spur on the search for 
mutations in other EF-hand proteins, 
which might be candidate genes for 
different types of disorders. 

We describe recent important ad- 
vances made in our understanding of 
some novel Ca^-binding proteins. These 
proteins are characterized by a common 
structural motif, the EF hand, after the 
E- and F-helices of parvalburnin, which 
binds Ca J ' selectively and with high 
affinity 23 . Suggested functions of some 
members of this family of Ca J -binding 
proteins are listed in Table I. Here we 
will discuss the SI 00 family of EF-hand 
proteins, a large and diverse subfamily 
found extracellularly in the cytoplasm 
as well as in the nucleus. 

The S100 family of EF-hand proteins 

The family of SI 00 proteins has 
grown to be one of the largest subfamily 
of EF-hand proteins. It was originally 
characterized as a group of abundant 
low molecular weight (10-12 kDa) acidic 
proteins that are highly enriched in ner- 
vous tissue. They are composed of two 
distinct EF hands flanked by hydro- 
phobic regions at either terminus and 
separated by a central hinge region. 
The carboxy-terminal EF hand is usually 
referred to as the canonical Ca : -binding 
loop and encompasses 12 amino acids, 
whereas the ammo-terminal loop is 
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formed of 14 amino acids and has a 
lower affinity for Ca-\ 

To date, some 17 different proteins 
have been assigned to the SI 00 protein 
family (their main properties are listed 
in Table II). They show different degrees 
of homology, ranging from 25".', to 65' \\ 
identity at the amino acid level. Two un- 
usual S100 proteins, profilaggrin and tri- 
chohyalin, are actually domains in the 
preforms of structural proteins synthe- 
sized in the epidermis and are cleaved 
off during maturation 4 . It is not known 
if they are also stable as independent 
proteins. 

Interestingly, the genes encoding these 
two proteins were found to be localized 
in a cluster of at least ten other genes 
coding for SI 00 proteins on human 
chromosome lq21 (Fig. 2). As several 
homologues have been localized to a 
synthenic region on mouse chromo- 
some 3. it is reasonable to postulate that 
the clustered organization of these SI 00 
genes has been conserved during evolu- 
tion. The description of the clustered 
organization of a large number of genes 
coding for SI 00 proteins not only raises 
important questions about the regu- 
lation of the individual genes, but also 
has led to the introduction of a new 
nomenclature, which is used through- 
out this review"'. Whenever the generic 
term SI 00 is used, we refer to proper- 
ties found in most family members. 

In the last few years, much infor- 
mation has been obtained on the physi- 
cal properties of S100 proteins, but only 
recently have some clues to their func- 
tions been gathered, mainly through the 
identification of novel target proteins. 

Functional insights into S100 proteins 

The physical and structural proper- 
ties of $100 proteins suggest that they 
are trigger or activator proteins, by con- 
trast with other Ca~-binding proteins 
that act mainly as buffers. Some family 
members can form homo- or hetero- 
dimers as the functional species, and re- 
cently, the structure of a S100A6 dimer 
has been described (for discussion, see 
Ref. 6). 

A model of the molecular mechanism 
behind the function of S100 proteins 
has been adopted from calmodulin, in 
that the binding of Ca J " to S100 proteins 
leads to a conformational change that 
exposes hydrophobic regions in the 
molecules and allows for target protein 
interaction. The structural change oc- 
curring upon Ca J ' binding has been 
demonstrated for a number of SI 00 pro- 
teins 7 . The affinity of S100 proteins for 
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Figure 1 

Signal transduction by Ca 2+ -bindmg proteins ;CaBPs). Influx of Ca : ~ upon stimulation either from intracellular stores or through different 
types of Ca 2 " channels leads to an increase in intracellular Ca 2 * concentration. This allows CaBPs to bind Ca : \ undergo a conformational 
change and associate with different target proteins, thereby shaping the biological effects of the Ca ; " signal. Ca-*-binomg proteins are 
matnly found in the cytoplasm, but were discovered recently in other compartments of the cell, such as the nucleus or the mitochondria 
Abbreviations used: Insi 1.4.5/P,, inositol 1.4.5-trisphosphate; PLC, phospholipase C: Ptdlns(4,5)P., phosphatidylinositol 4,5-Disphosphate. 



Ca J ~ is therefore an important param- 
eter, which can be influenced through 
the binding of Zrr* (increasing the affin- 
ity) or K" (decreasing the affinity) in 
several family members. So far, Zrr* 
binding has been demonstrated directly 
for S100A6 (Ref. 7). S100B (Ref. 8) and 
caJgranulin C (Ref. 9). Interestingly. 
S100A3. the S 1 00 protein with the high- 
est cysteine content (10Vo). binds Zn : 
with high affinity, but shows no observ- 
able Ca 2 * binding under physiological 
conditions 10 . 

In summary, it can be expected that 
SI 00 proteins influence cellular re- 
sponse along the Ca Jt -signal-transduc- 
tion pathway, probably acting at differ- 
ent points in the cascade. Hence, some 
S100 proteins might initiate the signal 
transduction cascade, others might 
modulate the strength of the signal or 
directly regulate the cellular response, 
for example, transcription {see Fig. 3). 

The signal from the outside 

Like several other Ca 2, -binding pro- 
teins, some S100 proteins (including 



S100A4, S100A8. S100A9 and S100B) are 
secreted from different cell types. 
S100B was demonstrated to stimulate 
neurite outgrowth, proliferation of 
melanoma ceils and induction of apop- 
tosis in PC 12 pheochromocytoma cells 
(for review, see Ref. 11). Interestingly. 
n.M concentrations of S100B act as a 
growth and/or differentiation factor, 
whereas fxM concentrations are necess- 
ary for induction of apoptosis, indi- 
cating that different protein concen- 
trations might be responsible for these 
diverse effects 1 -. Astrocytosis and 
neurite proliferation also occur in trans- 
genic mice overexpressing S100B, 
thereby marking one of the few in vivo 
studies available that corroborates in 
vitro experiments 13 . 

Chemotactic activity on macrophages 
has been demonstrated for both S100A8 
and its murine homolog. In this case, 
cytokine activity has been reported to 
occur at even lower concentrations of 
between 10" !l -10^ 1 :i M. Interestingly, a 
peptide encompassing the hinge region, 
located between the two £F hands, has 



been shown to specifically mediate this 
effect 14 . For S100A4, no effect of extra- 
cellular protein has been demonstrated 
so far. 

The mechanism of action of these di- 
verse functions of S100 proteins is cur- 
rently not known. However, binding of 
S100B to glial and neuronal cells at nM 
concentrations can stimulate Ca 2, 
fluxes 1 *. It would, therefore, be an at- 
tractive hypothesis to postulate that at 
least some of the effects seen are medi- 
ated by Ca J * as second messenger. 
Recent evidence supporting this hypoth- 
esis was provided by an elegant series 
of experiments showing that Ca' + tran- 
sients are both necessary and sufficient 
to regulate neurite extension-*. 

Several questions remain to be ad- 
dressed regarding the function of extra- 
cellular S100 proteins. It is not known 
how S100 proteins are secreted from 
cells as they have no classical leader 
peptide. One possibility is that Ca-" 
binding results in the exposure of a hy- 
drophobic domain at the amino termi- 
nus, allowing an interaction with the 
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Table I. Suggested functions off some EF-hand Ca^-binding proteins 



Proteins 



Functions 



Refs 



Extracellular 

BM 40/ SPARC .-'osteonectin 
Nucleobinam 

3-Parvalbjrriin i avian thymic hormone? 
Calmodulin 
Integnn « subunits 
SlOO proteins 

Intracellular 

Calmodulin 

Troponin C 
Myosin light chains 
ft-Actinm 

u Paralbumin 

Caibmdm D^ K 

Calretirin 

S100 proteins 

Recovenn 
S-modulm 
Visinin 
VI UP 

Neurocalcin/CBP-18 

Hippocalcm 

Frequenin 

Calcmeurin 



Calpain 

Diacylglycerol Kinase 

Sorcm 
Grancalcin 

Reticulocalbin 
ERC-55 

Calcyphosme 

CCBP-23 
R2D5 

Nuclear 

Calmodulin 
Calcmeurin 
Nucleobindin 

NEFA (DNA bmdmg/EF hand/ 

acidic amino acid rich 1 
SlOO proteins 



Extracellular matrix protein; inmbition of cell-cycle progression 
Secreted protein. DNA-bindmg properties 
Thymic hormone activity (lymphocyte maturation/ 
Development of pre-implantation human embryos 
Ceil adhesion, signal transduction 
see Table II 

Activator of several enzymes: mediates many Ca 2 '-dependent processes 

Modulation of muscle contraction 
Modulation of muscle contraction 
Actin-Dundling protein 

Ca 2+ -Duffermg and transport; protective role against Ca : * overload 
Ca :+ -buffenng and transport; orotective role against Ca r * overload 
Ca 2, -buffenng and transport; phosphorylation 
see Tabie II 

Phototransduction, activate guanylate cyclase to restore dam state 
Recovenn homolog 
Phototransduction in cone cells 
Visinm-like protein 

Signal transduction in cortex and cerebellum 
Signal transduction in hippocampus 
Modulation of K*-channel activity 

Calmodultn-dependent phosphatase; 
target of cyclophilin-cyciosporm complexes 

Ca 2 *-activated protease 
Signal transduction 

Overexpressed in multi-drug resistance 
Effector role in neutrophils and monocytes 

Localized to the endoplasmic reticulum -:ER) 
Localized to the ER 

Ubiquitous linkeage of cAMP and Ca jT -phosphatidyhnosito! pathways 

Regulatory role in signal transduction 
Regulatory role in olfactory signal transduction 

Inhibition of transcription; regulation of p68 RNA helicase 
Activation of transcription 

DNA binding; triggering DNA fragmentation in apoptosis? 
Domains with two EF-hand motifs; leucme-zipper domain; 

anti-DNA autoimmunization? 
see Table II 



b. c 
d 



aa 
bb 



dd 

ee 



hh 



Comrnun. 185. 283-288, >L.pp. H P. et al. ,1993) J. Neurochem. 60. 1639-1649. Kobayash i M.et .al r«2 ) ■ »™ ° mLr 2 2- -Kai M et al (1994) J. 3,0/. Chem. 269. 
,-.993, Neuron 11. 15-28. -M*ey. R. M. « * 1994, Nature 369. 486-488; "f^'-^*"**^ ^8-29^3 ^»wa M M Itaamitu. T. .1993, i. BM. 
18492-18498; "van der Bhek. A. M. et al. .1986; EMBO J 5. 3201-3208: <Boyan. A. et a 992. IBM Cherry 26 7. 29 28 aMi a 9?-l01: 
C«. 268. 699-705. "Chen, j J e, al. ,1995. Scence 269. -529-531 ^f"^**^^*^ f 6 4 -Buelt' M K e ,. 994 , / L. (Mm. 269. 29367-29370; 
^STJ^S^ZL 3 C 6S. ^ ^^99^393, ^Ko^a*. S. « a, ,1994, 8 ,o, ^ 
Seyter 375, 49 7 512. 



membrane or membranous proteins 
(e.g. annexins), and thereby resulting in 
secretion of the molecule. Furthermore, 
it is unclear if specific cell-surface re- 
ceptors mediate the effects of SlOO pro- 
teins. A search for such receptors has 
so far been unsuccessful. 



Modulation of the signal on the inside 

The pleiotropic effects reported for 
intracellular SlOO proteins can be divided 
into several groups. First, SlOO proteins 
can regulate phosphorylation mediated 
by protein kinase C and thereby can 
modify the response initiated by the 



signal transduction cascade 17 . Second, 
they can regulate the energy metabolism 
by modulating the activity of several 
target enzymes, including adenylate 
cyclase, glyceraldehyde-3-phosphate de- 
hydrogenase and rructose-l,t>bisphos- 
phate aldolase 1 *. Third, cell shape can be 
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Table II. Summary of described properties of members of the S100 protein family 



Protein^ 



Cellular localization from main 
tissues icellsi of synthesis 



Metal binding 



Target proteins 



Suggested functions 



Disease 
association 



SlOOAliSlOOai 

tcan form 
homodimers and 
heterodimers witn 
S100B) 

S100A2 sSlOOL) 

S100A3 (SIOOE) 

S10OA4 iCAPLi 



Z ytoplasm from neurons, 
skeletal and neart muscle, 
kidney 



Cytoplasm and nucleus from 
lurg and kicney L 



0.02-0^05 mM) e 



Ca** 

Ca-\ Zn : * 

iK ce = 0.011 mw)' 
Ca- " 

\K F = 0.15 mM)« 



Fructose-1.6-bisphosphate Stimulates Ca : '-mduced 



SlOOASiSlOOD; 
S100A6 (calcyclmi 

(can form 

homodimers; 

S100A7 \psonasin) 
S100A8tMRP8) 

i can form 
heterodimers with 
S100A9) 
S100A9 (MRP14) 

S100A10 plli 

S100B (SlOOb) 
(can form 
homodimers 
and heterodimers 
with SlOOAli 



S100C lean for,- 

homodimers; 
S100P 

Calgranulln C 
Calbindin 3 

tcalbindin D >; > 
Profllaggrin 

Trtchohyalln 



Ca- 



Ca- 
Ca- 



cxtracellulaf and cvtoplasrrr 
from fibroblasts, myoepithelial 
and tumor cells 

Cytoplasm from fibroblasts 
and tumor cells 



Ep.ihelial cells 
Extracellular and cytoplasm 

from granulocytes and 

monocytes 



Extracellular and cytoplasm from Ca*'* 

granulocytes and monocytes 
Cytoplasm from fibroblasts no 
Extracellular and cytoplasm Ca- : * iK„ 5 

from glial and Schwann ceils, 0.5 mMf 

melanocytes, chondrocytes 

and adipocytes 



Smooth and heart muscle 



; = 0.32 mMi* 
i K- . = 2m\v£ 



- 0.02- 
Zn 2 ' 



aldolase 1 , glycogen 
pnosphoryiase 1 . adenylate 
cvclaseV tubulm da 
GFAP"*. myoD"* 



Non-muscle tropomyosin 1 . 
p53 " . non-muscle myosin, 
heavy chain". MAP 0 

Annexin II and annexin Vl p , 
annexm XI 3 , 
glyceraldehyde-3- 
phosphate dehydrogenase^ 

Intermediate filaments 
ivimentin/ 



Intermediate filaments 

<; vi meriting 
Annexin IP 

Fructose-l,6-bisphosphate 
aldolase'. p53*. caloonin^. 
tau v , tubulin 36 , caldesmon*. 
neurocalcin'. neuromodulin 
(GAP43)", GFAP 383 . capZ bMl 



Annexin I 



Ca : ~ release from SR : . 
inhibition of microtubule 
assembly 13 , inhibition of 
PKC-mediated 
phosphorylation' 



Motility and nvasion™-'. 
tubulin polymerization 



Cardiomyopathies* 



Breast cancel 



Metastasis' 



Stimulation of Ca^* dependent Melanoma"' 
msulin resease J0 . stimulation 
of prolactin secretion*^, 
exocytos s" 



Placenta" 

Cytoplasm of granulocytes 
Cytoplasm of intestine 

Granular cells of epidermis 

Granular ceils of epidermis 



Ca v Zn 2 * ■ 
Ca^ ( 

Ca J * :K„ 5 - 0.14- 
1.2 mVi'' 



Keratin* 1 



Inhibition of casein kinase". 
cvtokire' h 



Inhibition o* casein kinase 1 ^ 

Exocytosis and endocytosis^ 

Neunte extension 1 
proliferation of melanoma 
cel!s c . stimulates Ca 12 ' 
fluxes*, nhibition of PKC 
mediated phosphorylation', 
astrocytosis and axonal 
proliferation**, inhibition of 
microtubule assembly^ 



Transport function^ 
Regulation of cell structure 
Regulation of cell structure 



Psoriasis'"" 
Cystic fibrosis 01 ' 
inflammation* 



Cystic fibrosis' 0 , 
inflammation^ 

Alzheimer's 
dtsease rr . Down's 
syndrome s \ tumor 
marker. 

amyotrophic lateral 

sclerosis 1 -, 

epilepsy 000 



^For tne nomenclature, see Schafer, B. W. et ai. :1995> Genomics 25. 638-643: "Gienney. J. R. ef ai. ;i989i J. Ceil Biol. 108. 569-578; GiOds. E er al. ,1995i J. Histochem 
C\tochem. 43, 169-180; J Becker. T. et ai. 1992* fur J Biochem. 207 541-547: Gaudier. J. et ai. (1986] J. Biol. Chem. 261. 6192-8203; Tonr. u G. et ai. < 1995* J. Bioi 
Chem. 270. 21051-21061: *Pedrocchi. M ef ai. .1994, Biochemistry 33, 6732-6738; "TJeli 'Angelica. E. C. et ai :1994) J Biol Chem 269. 28929-28936; Zimmer. D B ard 
VanEldik. L. J. 1 1986) J Bio' Chem. 261. 11424-11428; Zimmer. D. 8. and Djbuisson, J. G. (1993i Ceil Calcium 14, 323-332: "Fane. G. et ai .1989> FE3S Lett. 248, 9-12. 
Takenaga, K. et al. 1 19941 j. Ce<( Biol 124. 757-768: "'Parke'. C. er a! ;1994) DNA Cell Biology 13, 343-351; Tord. H. L. and Zain. S B <;1995i Oncogene 10. 1597-1605; 
"Watanabe. Y. er ai .;1992- J. Biot. Chem. 267, 17136-17140: "Zerg. F. Y. ef ai U993| int. J. Biochem. 25. 1019-1027; 'Watanabe, M. et ai ;i993t Biochem. Biophys Res 
Common. 196, 1376-1382; Roth. J. ef ai il993) Blood 82. 1875-1883; -'Harder, r. and Gerke, V. .;1993i J. Cell Biol. 123. 1119-1132. '3audter, J er ai. i!992: Proc. -Vat/ Acad. 
Sci. USA 89, 11627-11631; -Fujii. T. er ai. ,1994) diochem. J. 116, 121-127; -Baudier, J. and Cole. R □. (1988) J. Biol. Chem. 263. 5876-5883; "Skripnikova. E. V. ana 
Gusev. N. 6. 11989} FESS Lett. 257, 380-382: 'OkazaKi, K. et ai !1995i Biochem. J. 306. 551-555; 'Naka, M. et ai. { 1994> Biochim. Biopnys. Acta 1223, 348-353: ,p ano. G. et ai. 
(1989) FEBS Lett. 255. 381-384: "Donate. R. ;1988f J. Btol Chem. 263. 106-110; D= Takenaga. K, et at «1994^ Jap. J. Cancer Res. 85, 831^839: '^Lakshmi. M. S ef at. (1993) 
Anticancer Res. 13. 299-303: 3 -0kazaKi. K. ef at. ,1994i J. Bioi. Chem. 269, 6149-6152; - e Murpny. L C. et ai. il98S) J. Bioi. Chem. 263, 2397 2401: ^immons, P. M. ef ai 
(1993) J. Cell Set. 104. 187-196; ^Murao, S. er at. ■ 1989 1 J. Bioi Chem. 264, 8356-8360: ^Lau. W. ef ai (1995) J. Chn, invest. 95. 1957-1965: r Wtnnip.gham-Major, F. ef al. t 1989l 
Ceil Bioi 109 , 3063-3071; 'Barger, S. W. and VanEldik. L. J. 1 1992} J. Biol. Chem. 267. 9689-9694; "Reeves. R. H. ef al. ;l994i Proc. Nati Acad. Sci. USA 91. 5359-5363: 
*Lee, S. W. er al. (1992) Proc. Natl Acad. Sci. USA 89. 2504-2508: ™Davies. 8. R. et al. 11993* Oncogene 8, 999-1008: ^Weterman. M. A. J et ai ;1993) Cancer Res. 53. 6061-6066: 
-Moffrrann, H. J. et ai. * 1994) j. invest. Dermatol. 103. 370-375; ^Renaud, W er ai 11994) Biochem. Bioohys. Res. Commun. 201, 1518-U25; ' N Roth, J. er ai ■: 1992) 
immunobtoi 186. 304-314: "MarshaK. D. R. er ai i!991i Neurob\oi. Aging 13. 1-7: -Allore. R. ef ai 1 1988 1 Sconce. 239, 1311-1313; Tochran. A. J. er ai (1993) Melanoma Res. 
3. 325-330; J -4iexianu, M. E. ef ai. (1994; Ann. Neuroi 36. 846-858: ~P-esland. R. 3. et at. (1995: J. invest. Dermatot. 104. 218-223; ^Le€, S. C e r ai .19931 J. Bioi Chem. 268, 
12164-12176; "Sheu, F. S ef al. <1995) Arch. Biochem. Biophys. 316. 335-342; ,v ChnstaKos, S. et al. il995) Endocnn Rev. 10. 3-26; -Klein, J. R. et ai J 198?;i Cancer Immunol. 
Immunother. 29. 133-138: ^"Biancni. R. er al. (1994i Biochim. Bicphys. Acta 1223. 354-360: "*lvanenkov. V. V. et ai 1 1995) J. Bioi Chem. 270, 14651-14658; :xD ecroccK M. 
ef ai ( 1993; Biochem. Biophys. Res. Commun. 197. 529-535; lMC Gnffin. W. S. T. ef ai. 1 1995) J. Neurosci. 65. 228-233; ^Baudier. j. et ai (1995; Btochemisty 34, 7834-7846, 



regulated through influences on the or- 
ganization of the cytoskeleton. Thus, the 
polymerization state of all three major 
types of filaments (microtubules, actin 
filaments and intermediate filaments) 
can be influenced by S100 proteins :i . As 
most of the interactions have been 
demonstrated only in vitro, the speci- 
ficity and role in vivo is not as clear. 



Fourth, several members of the SI 00 fam- 
ily interact with specific annexins t which 
in turn are targets of several kinases and 
are, therefore, thought to play an im- 
portant role in intracellular signal trans- 
duction. One S100 protein known not to 
bind Ca : \ S100A10, forms a tight com- 
plex with annexin II, which is thought to 
be involved in endo- and exocytosis 19 . 



Several attempts have been made to 
gain additional insights into the func- 
tion of S100 proteins through their sub- 
cellular localization, but these experi- 
ments have proved difficult because 
antibodies crossreact with several fam- 
ily members. Recently, the generation 
of novel specific antibodies allowed us 
to demonstrate that the intracellular 
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Enhanced metastasis 
(myosin heavy chain 7 ) 

Depolymenzation 
of cytoskeieton ^ — 
(tubulin) 



Exocytosis 
Endocytosis 
(annexins) 



distribution of SI 00 proteins is quite dif- 
ferent. This is shown by confocal mi- 
croscopy of human breast cancer cells 
labelled "for S100A6 (Fig. 4a) and S100A2 
(Fig. 4b). S100A6 staining is mostly 
cytoplasmic, but with a decreasing gra- 
dient of staining intensity from the 
nuclear membrane towards the cell 
periphery. S100A2 labelling is mostly 
nuclear, with some granular staining in 
the cytoplasm. These different intra- 
cellular stainings support the view of 
different functions for S100 proteins 
(Table II). 

$100 or calmodulin? 

By contrast to calmodulin, which is 
ubiquitously expressed. S100 proteins 
are found in specific cell types, for ex- 
ample neurons, epithelial or glial cells. 
It is. therefore, of interest to note that 
an increasing number of common target 
proteins have been found. Among the 
proteins regulated both by calmodulin 
and by one or more members of the 
S100 family are the cytoskeletal pro- 
teins tau, microtubule-associated pro- 
tein (MAP) and caldesmon, the en- 
zymes adenylate cyclase and glycogen 
phosphorylase, as well as the cell-cycle- 
associated proteins p53 and neuro- 
modulin- 0 (see Table II). 

An interesting example is the recent 
demonstration that calmodulin and 
S100A1 are capable of binding to tran- 
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Figure 3 

Proposed functions of S100 proteins. S100 proteins might transduce the Ca*'* signal producing a 
variety of biological effects in different cellular compartments as well as acting extracellularly in a 
paracrine manner. Abbreviation used- PKC, protein kinase C. 



scription factors of the helix-loop-helix 
family, thereby modulating the DNA- 
binding capabilities- 1 ~ While in most 
cases calmodulin and S100 have a simi- 
lar inhibitory or stimulatory effect on the 
target protein, there are a few examples 
of antagonistic effects, for example, tau 
and glycogen phosphorylase (for re- 
view, see Ref. 11). Hence, it might be 
tempting to postulate a general model 
for a common function of S100 proteins 
where they are able to modulate, or 
sometimes mimic, the effects of the 
ubiquitous calmodulin in a cell-type- 
specific manner. However, this hypoth- 
esis is clearly too simple and does not 
explain additional roles of extracellular 
SI 00 proteins or the regulation of sev- 
eral specific target molecules such as 
the annexins. 



Association of S100 proteins with human 
diseases 

As discussed above, S100 proteins 
exert pleiotropic effects in different cell 
types. Similarly, a wide range of dif- 
ferent diseases has been associated 
with deregulated expression of SI 00 
genes. They can be grouped into two 
main categories, namely neurological 
and neoplastic disorders. 

Neurological disease. It is worth men- 
tioning that the first link between S100 
family members and a specific disease 
was made for the proteins S100A8 and 
S100A9, the so-called cystic 
fibrosis antigens. It was specu- 
lated for quite some time that 
these two S100 proteins could 
represent the proteins respon- 
sible for cystic fibrosis, a 
speculation now superseded 
by the cloning of the gene en- 
coding the membrane protein 
cystic fibrosis conductance 
regulator (CFTR). Neverthe- 
less, increased coexpression 
of CFTR, S100A8 and S100A9 
could be demonstrated in hu- 
man cystic fibrosis tracheal- 
gland cells 23 . Together w r ith 
the demonstrated role of 
S100A8 as a potent chemo- 
tactic agent 14 , it is possible 
that these S100 proteins might 
play a role in the chronic in- 
flammation accompanying this 
disease. 

S100B has been linked to 
several neurological diseases, 
including Alzheimer's disease. 
Down's syndrome and re- 
cently, epilepsy, because of its 
synthesis in glial cells and its 
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localization to human chromo- 
some 21q22. So far, however, 
only correlative investigations 
have been carried out Trans- 
genic mice were generated to 
examine whether elevated lev- 
els of S100B can cause brain 
dysfunctioning. In mice overex- 
pressing SI GOB. female hyper- 
activity and lack of habitua- 
tion to novelty indicative of 
hippocampal dysfunction have 
been observed-^ 4 . It will now 
be important to extend such 
studies to animal models of 
neurological diseases. 

Neoplastic disease. Synthesis 
of S100A2, S100A4. S100A6 
and S100B is associated with 
different neoplastic diseases. 
S100B, which is upregulated in 
melanomas, is most widely 
used as a tumor marker 5 . Its 
functional role in tumor devel- 
opment, however, has not 
been investigated, Another link 
between SI 00 family members 
and tumorigenicity comes from 
the location of the S100 gene 
cluster, as the chromosome 
region tq21 is frequently re- 
arranged in different tumor 
types, especially in epithelial 
breast carcinomas Jb . 

Enhanced synthesis of 
S100A4 has been demon- 
strated in metastatic epi- 
thelial cells in rodents. In this 
case, an enhancement of the 
metastatic behavior of previ- 
ously low metastatic tumor 
cells was achieved through 
ectopic expression of the gene 
encoding S100A4 and demon- 
strating a causal role of S100A4 in this 
process^ 7 . The mechanism of action, 
however, is currently unclear. Several 
different mechanisms have been sug- 
gested, among which is the binding of 
S100A4 to either myosin heavy chain 
(influencing cell morphology and motil- 
ity) or p53 (inactivation of tumor sup- 
pressor function). Another possibility is 
that extracellular S100A4 influences cell 
behavior. It will be necessary to use 
additional overexpression experiments 
in different cell types from different 
species to solve this issue. 

Interestingly, and contrary to S100A4. 
the production of S100A2 was found to 
be downregulated in tumorigenic cells 
compared with normal breast epithelial 
cells. One speculation, therefore, might 
be that S100A2 and S100A4 influence 




Figure 4 

Double immunofluorescence labelling for (a) S100A6 and (b) S100A2 in human breast cancer cells 
i'HBL-100). Confocal microscopy demonstrates different intracellular staining patterns: (a) S100A6, 
mostly cytoplasmic: (b) S100A2, mostly nuclear: (c) superimposed double staining; and (d) phase 
contrast picture. Bar - 10 ^m (courtesy of T. Bachi, Laboratory for Electron Microscopy and E. Ilg. 
Department of Pediatrics, Division of Clinical Chemistry. University of Zurich!. 



cell behavior in a similar way, although 
in opposite directions. In this case. too. 
ectopic expression experiments in cell 
culture and animal models are needed 
to prove or disprove this hypothesis. 

As described above, most evidence 
linking EF-hand Ca J *-binding proteins 
(in particular S100 proteins) with dis- 
ease states is only circumstantial. 
Clearly, providing functional evidence 
will be a major focus of research on 
Ca-'*-binding proteins in the future, and 
the establishment of animal models will 
be of critical importance. Also, mu- 
tations affecting either synthesis or 
structure might be found in association 
with specific diseases and could help to 
further improve our understanding of 
the diverse functions of the EF-hand 
Ca J -binding protein family. 
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The biology of HMG-CoA 
reductase: the pros of 
contra-regulation 

Randolph Hampton, Dago Dimster-Denk 
and Jasper Rine 

Hydroxymethylglutaryl-CoA reductase (HMG-R) is a key enzyme in the 
mevalonate pathway, from which thousands of molecules are derived in- 
cluding cholesterol and prenyl moieties. The regulation of HMG-R is com- 
plex and includes feedback control cross-regulation by independent bio- 
chemical processes and contra-regulation of separate isozymes. From 
studies in yeast, these separate modes of regulation can be considered in 
an integrated fashion. 



HMG-CoA REDUCTASE (HMG-R), by 
catalyzing the synthesis of mevalonic 
acid from HMG-CoA, plays a critical role 
in the production of the large family of 
molecules derived from mevalonic acid 
by the mevalonate pathway (Fig. 1). 
Although the mevalonate pathway is 
best known as the source of sterols 
such as cholesterol 1 , products of the 
mevalonate pathway comprise a stagger- 
ing array of molecules that vary among 
species, cell type and physiological 
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state 2 4 . Soccharomyces cerevisiae has 
been used as a model for HMG-R syn- 
thesis and has revealed numerous per- 
plexing features of HMG-R structure and 
regulation. In this review, we will dis- 
cuss the HMG-R protein family, includ- 
ing the structural themes and the regu- 
latory modes encountered in diverse 
organisms. We will then focus on HMG-R 
in yeast, where most of the features of 
HMG-R biology are found and where they 
can be viewed in an integrated fashion. 

The HMG-R protein family 

HMG-R is present in archaebacteria 5 
and presumably in all eukaryotes^ 10 . A 
more distant relative of HMG-R has also 
been described in eubacteria 11 . The 
members of the HMG-R protein family 
consist of an extremely conserved cata- 
lytic domain and a highly diversified 



membrane-anchoring region (Fig. 2). All 
versions of the protein have a highly 
conserved carboxy-terminal domain that 
is responsible for the conversion of 
HMG-CoA to mevalonic acid. Examples 
of the extent of conservation of cata- 
lytic function include the human en- 
zyme functioning in yeast 11 -* and the ar- 
chaeal enzyme being potently inhibited 
by lovastatin, a clinically used competi- 
tive inhibitor of mammalian HMG-R 5 . 

The individual catalytic domains of 
HMG-R are fused to a bewildering array 
of amino-terminal regions (Fig. 2). In 
most cases these aminoterminal re- 
gions appear to contain membrane- 
spanning sequences that anchor the 
protein in the endoplasmic reticulum 
(ER), but the archaeal enzyme is fused 
to a hydrophilic 21-residue peptide 0 . 
The primary sequence and the result- 
ant structures of these amino termini 
are quite different. Those in plants have 
two putative transmembrane spans 2 - 111 , 
the metazoan HMG-Rs all have eight 
transmembrane spans' 1 ' 1 ', whereas 
yeast HMG-R appears to have seven 
transmembrane spans 121 ' 1 . Furthermore, 
although comparisons among members 
of the same phylogenetic kingdom (e.g. 
tomato vs potato, or hamster vs sea 
urchin) often reveal primary sequence 
similarity in the amino-terminal regions, 
comparisons between the amino ter- 
mini of different kingdoms reveal no 
similarity at all. Given that the catalytic 
domain can function without membrane 
attachment, both in the natural setting 
of the archaeal HMG-R 5 and in engi- 
neered forms of other HMG-R pro- 
teins 1 ^ 6 , why do so many HMG-Rs ap- 
pear to be attached to a membrane? 

The HMG-R family also displays an- 
other level of complexity. In many in- 
stances, including all plants examined 1 * \ 
S cerevisiae yz and Dictyostefium (A. De 
Lozonne, pers. commun ). there are 
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